INTRODUCTION
============

Autism spectrum disorder (ASD) is a neurodevelopmental disorder that has persistent deficits in social communication and social interaction and shows restricted and repetitive patterns of behavior, interests, or activities \[[@b1-pi-2017-08-15]\]. Despite enormous research efforts the etiology of autism is unknown; however, several studies have showed strong evidence suggesting that many of the cognitive and social deficits associated with autism arise from abnormal functional connectivity between brain networks \[[@b2-pi-2017-08-15]-[@b5-pi-2017-08-15]\]. This aberrant functional connectivity in ASD can be explained by impaired integrity of white matter tracts that link distant regions of the networks. White matter is a complex of myelinated bundles of axons that enable electrical signals to be transmitted between distant brain regions. To perform complex socioemotional and communication tasks, efficient conduction of information among cortico-cortical white matter tracts is necessary \[[@b6-pi-2017-08-15]\].

Diffusion tensor imaging (DTI) is one of the most useful methods to assess the microstructure of neural fiber tracts without any intrusive intervention. DTI measures diffusion properties, such as the magnitude, anisotropy (variation of diffusion properties with direction), and orientation of anisotropic diffusion of water within tissues \[[@b7-pi-2017-08-15]\]. The most commonly used parameter of diffusion anisotropy is fractional anisotropy (FA). FA is sensitive to developmental changes and pathological differences in axonal density, size, myelination, and the coherence of organization of fibers within a voxel; therefore, it can represent an index of the structural integrity of white matter. Several studies reported evidence of reductions in fractional anisotropy (FA) in ASD. Barnea-Goraly et al. \[[@b8-pi-2017-08-15]\] performed the first DTI study of ASD. They found that seven children with autism (mean age 14.6, IQ\>70) had reduced FA compared with normal controls in several brain regions including ventromedial prefrontal cortices, anterior cingulate cortex, temporal lobes, and corpus callosum. Lee et al. \[[@b9-pi-2017-08-15]\] reported decreased FA of superior, middle, and inferior temporal white matter in patients with autistic disorder aged 7--33 years. Alexander et al. \[[@b10-pi-2017-08-15]\] revealed that the corpus callosum, an essential structure for interhemispheric communication, has lower FA and higher radial diffusivity in autistic individuals aged 7--33. Cheung et al. \[[@b11-pi-2017-08-15]\] investigated FA and its correlation with the diagnostic phenotype described by scores on the Autism Diagnostic Interview-Revised (ADI-R) in children with autism (age 6--14 years, IQ\>70). They found that FA in autistic children was significantly lower in bilateral prefrontal and temporal regions than that of normal controls. Importantly, they also found a meaningful correlation between a lower FA of fronto-striato-temporal pathways and higher ADI-R diagnostic scores in children with ASD showing aberrancy of white matter structure involved in social cognition.

All the studies mentioned above used voxel-based morphometry (VBM) style analyses, which were traditionally used to localize differences in grey matter density. Though they showed consistent results of reduced FA in various brain areas of subjects with ASD, these methods are limited by misalignment and arbitrarily applied smoothing parameters that can induce abnormal results \[[@b12-pi-2017-08-15],[@b13-pi-2017-08-15]\]. Recently, a newer approach known as tract based spatial statistics (TBSS) has been used to resolve methodological issues associated with VBM style analyses. TBSS is a voxel-based approach to DTI that allows determination of significant differences in FA images of multiple subjects between study groups \[[@b12-pi-2017-08-15]\]. Because FA map does not have anatomical information, we use TBSS instead of VBM, which was applied in gray matter. The TBSS, combined with a VBA were applied in Jou et al. \[[@b14-pi-2017-08-15]\] to a small group of older ASD and control children. The FA was reduced, especially, in the forceps minor, inferior fronto-occipital fasciculus, and superior longitudinal fasciculus. Regional distributions of differences between young ASD and control children were examined in Walker et al. \[[@b15-pi-2017-08-15]\] using the TBSS and the whole-brain VBA. While the FA values were reduced in various brain regions.

In the present study, we investigated white matter in children and adolescents with high-function autism (IQ\>80) compared to normal controls using DTI. The first aim of the study was to identify differences in white matter in children and adolescents with high-function autism compared with a normal control group using FA as a DTI index of underlying white matter microstructure to prove aberrancy of brain networks in autism spectrum disorder. The second aim was to examine whether social cognition and communication measured by ADI-R has any relationship with FA of meaningful areas in TBSS analyses to identify correlations between abnormalities of brain connectivity and social cognition. We hoped to provide evidence that abnormalities in neural connectivity are an underlying pathophysiology of the main characteristics of autism spectrum disorder.

METHODS
=======

Participants
------------

Participants were 22 children and adolescents with full-scale IQ\>80 as estimated by the Wechsler Intelligence Scale for Children-IV \[[@b16-pi-2017-08-15]\]. Children and adolescents with a history of comorbid psychiatric or medical conditions (e.g., epilepsy), a history of head injury, or a genetic disorder associated with autism (e.g., fragile X syndrome) were excluded.

High-functioning autism (HFA) is a term applied to people with autism who are deemed to be cognitively "higher functioning" (with an IQ of 70 or greater) than other people with autism. The HFA group consisted of nine participants aged 9--14 years (8 males and 1 female), who were recruited through the Severance Children's Hospital at Yonsei School of Medicine (Seoul, Korea). The autism patients and parents who visited the hospital were consented to the agreement. Diagnoses of autism spectrum disorders were based on DSM-5 criteria and supported by the Autism Diagnostic Observation Schedule (ADOS) \[[@b17-pi-2017-08-15]\] and Autism Diagnostic Interview-Revised (ADIR) \[[@b18-pi-2017-08-15]\]. All nine participants were diagnosed as autism spectrum disorder. Biological, IQ and diagnostic scores of children and adolescents with HFA are represented in [Table 1](#t1-pi-2017-08-15){ref-type="table"}.

The control group consisted of 13 typically developing children and adolescents aged 7--14 years (all males). The control group was recruited through the recruitment advertisement in the hospital. As shown in [Table 2](#t2-pi-2017-08-15){ref-type="table"}, demographic data are represented and there are no significant differences in age and verbal, performance, and functional IQ scores between HFA and normal control groups. All participants were right handed.

The study was approved by the Institutional Review Board of the Yonsei University College of Medicine and informed consent was obtained for all participants (IRB No. 3-2008-0072).

Data acquisition
----------------

All brain scans were performed using a Philips 3T scanner (Intera Achieva, Philips Medical System, Best, The Netherlands) with a SENSE head coil. Diffusion tensor images were obtained using a single-shot echo-planar acquisition with the following parameters: 112×112 acquisition and a 128×128 reconstructed matrix, field of view=220 mm, voxel size=1.72×1.72×2 mm^3^, SENSE factor 2, echo time=70 ms; shortest repetition time=13,000 ms, flip angle=90°, slice gap=0 mm, two averages per slice, b-factor=600 s/mm^2^, non-cardiac gating and 70 axial slices. Diffusion-weighted images were gathered from 45 non-collinear, non-coplanar directions with a baseline image without diffusion weighting. The spatial distortions induced by eddy currents and motion artifacts in diffusionweighted images were corrected by registering the diffusionweighted images to the non-diffusion-weighted b0 image using a low order non-linear transformation \[[@b19-pi-2017-08-15]\].

TBSS analysis
-------------

Preprocessing for DTI analysis was performed using FMRIB Software Library (FSL; Oxford, UK; <http://www.fmrib.ox.ac.uk/fsl>). A diffusion tensor model was arranged for each voxel with the generation of FA and mode images using FMRIB's diffusion toolbox in FSL. The TBSS tool in FSL was used to analyze tract-based differences in FA values between ASD subjects and healthy control subjects \[[@b12-pi-2017-08-15]\].

All subjects' FA images were aligned into 1×1×1 mm^3^ MNI152 (Montreal Neurological Institute) standard space using the nonlinear registration and a mean FA image was generated from the transformed FA images. A mean skeleton image was created from the mean FA image. Each subject's aligned FA image was projected onto the mean FA skeleton. The threshold for the mean FA skeleton we set was 0.2.

Statistical analysis
--------------------

Statistical analyses of the FA values were performed with a tract-based spatial statistics technique using the FMRIB Diffusion Toolbox implemented in the FMRIB software library (<http://www.fmrib.ox.ac.uk/fsl/tbss/index.html>) \[[@b12-pi-2017-08-15],[@b20-pi-2017-08-15],[@b21-pi-2017-08-15]\]. Group differences in FA between the patient and control group were evaluated with a non-parametric 1000 permutation-based randomized test \[[@b19-pi-2017-08-15]\] and inference using threshold-free cluster enhancement(TFCE) \[[@b22-pi-2017-08-15]\] implemented in the FMRIB software library to correct (p\<0.05) for multiple comparisons. If there are not any significant difference, we explored the group difference or relationship of the FA value with clinical variable with threshold of TFCE uncorrected p\<0.001 regarding to small sample size in this study. In order to examine the relationships between WM integrity and behavior, we calculated Pearson correlations between FA values and scores in the ADOS and ADI-R score in HFA. Age and gender was as covariates. The JHU White-Matter Tractography Atlas was used to identify the white matter pathways involved \[[@b23-pi-2017-08-15]\].

RESULTS
=======

As shown in [Table 3](#t3-pi-2017-08-15){ref-type="table"}, there were regions with significant reduced fractional anisotropy (FA) in subjects with HFA vs. Controls.

As shown in [Table 4](#t4-pi-2017-08-15){ref-type="table"}, there were regions in which FA is negatively correlated with ADI-R scores in HFA.

Results of DTI are shown in [Figures 1](#f1-pi-2017-08-15){ref-type="fig"}--[](#f2-pi-2017-08-15){ref-type="fig"}[](#f3-pi-2017-08-15){ref-type="fig"}[](#f4-pi-2017-08-15){ref-type="fig"}[5](#f5-pi-2017-08-15){ref-type="fig"}. The threshold was set to uncorrected p\<0.001 for display and the results were displayed using the tbss_fill command. The same criteria as the threshold for the reported results were applied. Tract-based spatial statistics analysis revealed significantly lower FA in left inferior fronto-occipital fasciculus (IFOF), left superior longitudinal fasciculus (SLF), left inferior longitudinal fasciculus (ILF), and right amygdala (AMY) in the HFA group compared to the normal control group when sex and age are regressed out.

There were significant negative correlations between social interaction scores of ADI-R and FA of left corticospinal tract, left uncinate fasciculus, left inferior fronto-occipital fasciculus, left inferior longitudinal fasciculus, and left superior longitudinal fasciculus ([Figure 5](#f5-pi-2017-08-15){ref-type="fig"}).

DISCUSSION
==========

In the present study we compared the white matter structure of individuals with high-function autism and normal controls using TBSS. We found significantly decreased FA in left IFOF, left SLF, left IFL, and right AMY in the HFA group.

The finding of reduced FA in the current study is consistent with the majority of DTI studies performed in ASDs which also report mainly reductions in FA. It is important to note that despite the between-study differences in subject characteristics, image acquisition, and processing/analysis methodology, FA is consistently reduced, although the distribution of the reduction is variable.

In Perkins's study \[[@b24-pi-2017-08-15]\], there is evidence emerging from Diffusion Tensor Imaging (DTI) research that autism spectrum disorders (ASD) are associated with greater impairment in the left hemisphere. In the left hemisphere, participants with HFA demonstrated significantly reduced FA in predominantly thalamic and fronto-parietal pathways. In this study, we also showed decreased FA findings in left hemispheres such as left IFOF, left SLF, and left IFL.

In Bakhtiari et al. \[[@b25-pi-2017-08-15]\], Adolescents with ASD showed decreased FA values bilaterally over a very large region compared to NT. Decreased FA values were found bilaterally in the inferior fronto-occipital fasciculus (IFOF), the inferior longitudinal fasciculus (ILF), the superior longitudinal fasciculus (SLF), the uncinate fasciculus (UNC), the anterior thalamic radiation (ATR), the cingulum in its cingulate section, the corticospinal tract (CT) and in the corpus callosum (CC), as well as in the right forceps major and minor, and in the right hippocampus section of the cingulum. The fibers in which the TBSS revealed FA negatively correlated with Autism-spectrum Quotient (AQ) were similar to those where previous TBSS was found with reduced FA in ASD compared with controls \[[@b26-pi-2017-08-15]-[@b28-pi-2017-08-15]\]. The locations of clusters were similar to those of previous studies reporting IFOF/ILF, CC, AF and ATR.

In Catani's Study \[[@b28-pi-2017-08-15]\], Decreased FA was also found in the IFOF, connecting the occipital cortex through the uncinate fasciculus, and terminating in the orbitofrontal cortex and a negative correlation between FA in IFOF was found with ADOS and ADI-R communication scores in ASD. Considering its spatial connection, IFOF may play a crucial role in the neurobiology of ASD. It has direct connections to the fusiform gyrus, which is responsible for facial perception, and provides connections between all major lobes of the human brain: frontal, temporal, parietal, and occipital \[[@b29-pi-2017-08-15]\]. This broad neuroanatomic connection is a unique quality of the IFOF and corresponds to the broad spatial distribution of brain structures involved in social cognition including the fusiform gyrus (temporal lobe), amygdala (temporal lobe), superior temporal sulcus (temporal lobe), ventromedial prefrontal cortex (frontal lobe), temporoparietal junction (temporal and parietal lobes), and somatosensory cortices (parietal lobe). The IFOF is important in higher-level visual processing such as control of action and recognition of faces \[[@b30-pi-2017-08-15],[@b31-pi-2017-08-15]\]. Other DTI studies \[[@b32-pi-2017-08-15],[@b33-pi-2017-08-15]\] have also shown IFOF repeatedly suggesting that it was peculiar to human beings in Thiebaut de Schotten et al. \[[@b34-pi-2017-08-15]\] Furthermore, a Philippi's study of brain injury indicated that IFOF was associated with perception of facial expression \[[@b35-pi-2017-08-15]\], which has been reported to be impaired in people with ASD \[[@b36-pi-2017-08-15]\]. In Losh et al. \[[@b37-pi-2017-08-15]\] and Weng et al. \[[@b38-pi-2017-08-15]\] the processing of facial expression is aberrant in people with ASD. Thus, variation of fiber integrity of IFOF might lead to autistic features, as the fiber plays a key role in processing social information. In the present study, left IFOF had significantly lower FA in the HFA group than in the normal control group and FA of left IFOF had negative correlations with social interaction scores of ADI-R. These findings suggest that abnormal connections between brain structures can be a potential mechanism for known impairments in social interaction in ASD.

The next tract of interest in this study is the ILF, which also can be impaired in ASD. The ILF, extending from the occipital cortex into superior, middle and anterior temporal lobes, mediates connectivity between the superior temporal sulcus, which processes biological motion and eye gaze \[[@b39-pi-2017-08-15]\], the fusiform face area, and the amygdala, which is involved in processing the social significance of facial expressions \[[@b40-pi-2017-08-15]\]. Some research shows that children with ASD have a facial emotion recognition (FER) deficit \[[@b41-pi-2017-08-15],[@b42-pi-2017-08-15]\]. Many children with ASD have difficulty identifying facial emotions \[[@b43-pi-2017-08-15]\]. Individuals with ASD have different gaze patterns when simply viewing facial expressions, without being asked to actually identify the emotion \[[@b44-pi-2017-08-15]\]. Decreased FA was found in adolescents with ASD bilaterally in the ILF, a pathway connecting the occipital cortex with the anterior temporal lobes and amygdala. FA values in the ILF were negatively correlated with ADOS social scores in both adolescents and adults \[[@b25-pi-2017-08-15]\]. Concordant with these findings, low FA of ILF was related to poor social interaction in this study.

Another affected association tract was the SLF. In the left hemisphere, this fiber tract connects the Broca and Wernicke areas. Thus, abnormal connections between these two areas can cause communication problems, such as those observed in individuals with ASD. This finding is consistent with a fMRI study that found impaired functional connectivity between language areas in ASD using a sentence comprehension task \[[@b3-pi-2017-08-15]\]. Moreover, several DTI studies also have revealed abnormalities of the left SLF in ASD \[[@b45-pi-2017-08-15]-[@b47-pi-2017-08-15]\]. The importance of the right SLF in ASD is not less than that of the left SLF because of its connection to the superior temporal sulcus \[[@b48-pi-2017-08-15]\], a region known for its role in processing biologic motion, which is abnormal in ASD \[[@b49-pi-2017-08-15]\]. Moreover, several DTI studies have revealed abnormalities of the right SLF \[[@b11-pi-2017-08-15],[@b28-pi-2017-08-15],[@b50-pi-2017-08-15],[@b51-pi-2017-08-15]\]. Finally, similar to the IFOF, the SLF also has a broad neuroanatomic range, connecting the frontal, parietal, and temporal lobes. This tract may also potentially serve an important role in linking all the components of brain structures involved in social cognition. In accordance with these findings, we found that impairment of SLF was related to poor communication, poor social interaction.

Our study must be interpreted in the context of several methodological limitations. The first is the small sample size. To compromise this limitation we used p-value less than 0.001 in statistical analyses of TBSS. The second is the wide range of age. In TBSS studies, age may have a significant effect on white matter differences \[[@b28-pi-2017-08-15]\]. To resolve this factor, we regressed out the age factor in analyses. The third limitation is that this study only includes individuals with high-function autism. Nevertheless, we would anticipate that more severely affected individuals with ASD might have even more prominent disconnectivity between cortical areas. The forth, There are references \[[@b52-pi-2017-08-15]-[@b54-pi-2017-08-15]\] in the existing DTI studies that there is not a large difference in gender. Based on this, we thought that it would be more appropriate to include a woman in the covariate to control the gender effect to increase the statistical power due to the small sample size. However, this was not the case in most studies. So this point is clearly considered a limitation in this study. The final matter of consideration is the nature of the control group, which is composed of normally developing individuals without any delayed development independent of ASD. Therefore we cannot clearly demonstrate that these findings are specific to ASD. These limitations restrict generalize of the results to all ASD.

We found impairment of neural connectivity mainly in association fiber tracts in high-function autism as evidenced by decreased FA, an index of white matter integrity, of these tracts. Among them, IFOF, which connects the social brain, had significant relationships with various domains such as social interaction. The ILF and SLF also showed decreased FA in individuals with HFA. Decreased FA of ILF and SLF had negative correlations with poor social interaction. These findings indicate that widespread abnormalities in association fiber tracts may contribute to both core and associated symptoms of ASD. However, further research is needed to generalize these results to all ASD. Future research should be implemented with large samples, diverse range of age, patients with various degree of severity of the illness, and developmentally delayed controls without autism spectrum disorder.

This study was supported by a faculty research grant of Yonsei University College of Medicine (6-2008-0299). We would like to thank E-Worldediting (www.eworldediting.com) for English language editing (YS1602-14).

![TBSS analysis demonstrated decreased FA (red) in left inferior fronto-occipital fasciculus (IFOF) in children and adolescents with high-function autism compared with normal controls. Left IFOF: MNI (x, y, z)=-38, -56, 3. TBSS: tract based spatial statistics.](pi-2017-08-15f1){#f1-pi-2017-08-15}

![TBSS analysis demonstrated decreased FA (red) in left superior longitudinal fasciculus (SLF) in children and adolescents with high-function autism compared with normal controls. Left SLF: MNI (x, y, z)=-48, -2, 41. TBSS: tract based spatial statistics.](pi-2017-08-15f2){#f2-pi-2017-08-15}

![TBSS analysis demonstrated decreased FA (red) in left inferior longitudinal fasciculus (ILF) in children and adolescents with high-function autism compared with normal controls. Left ILF: MNI (x, y, z)=-40, -56, 3. TBSS: tract based spatial statistics.](pi-2017-08-15f3){#f3-pi-2017-08-15}

![TBSS analysis demonstrated decreased FA (red) in right amygdala in children and adolescents with high-function autism compared with normal controls. Right amygdala: MNI (x, y, z)=19, 0, -25. TBSS: tract based spatial statistics.](pi-2017-08-15f4){#f4-pi-2017-08-15}

![Social communication scores of ADI-R have negative correlations (blue areas) with FA of left corticospinal tract \[MNI (x, y, z)=-10, -21, -23\], left uncinate fasciculus \[MNI (x, y, z)=-32, 6, -8\], left inferior fronto-occipital fasciculus \[MNI (x, y, z)=-40, -20, -8\], left inferior longitudinal fasciculus \[MNI (x, y, z)=-28, -77, 9\], and left superior longitudinal fasciculus \[MNI (x, y, z)=-37, -25, 28\]. ADI-R: Autism Diagnostic Interview-Revised, FA: fractional anisotropy.](pi-2017-08-15f5){#f5-pi-2017-08-15}

###### 

Biological, IQ and diagnostic scores of children and adolescents with HFA

  Participant   Biological   IQ   ADOS   ADI-R                                  
  ------------- ------------ ---- ------ ------- ----- ----- --- ---- ---- ---- ---
  1             13           M    Rt     91      100   94    7   13   25   21   4
  2             10           M    Rt     104     102   104   6   12   20   16   5
  3             13           M    Rt     123     116   122   3   5    7    8    3
  4             14           M    Rt     127     116   124   3   4    19   17   9
  5             12           F    Rt     104     102   104   5   8    19   16   6
  6             10           M    Rt     88      105   94    3   7    18   20   9
  7             9            M    Rt     101     66    82    5   6    26   20   6
  8             12           M    Rt     125     116   123   3   6    13   7    6
  9             11           M    Rt     95      108   101   4   10   20   17   8

ADOS (COM: Autism cut-off 4, Autism spectrum cut-off 2), ADOS (SOC: Autism cut-off 7, Autism spectrum cut-off 4), ADI-R (SOC: Autism spectrum cut-off 10), ADI-R (COM: Autism spectrum cut-off 8), ADI-R (STB: Autism spectrum cut-off 3). HFA: high-function autism, IQ: intelligence quotient, ADOS: autism diagnostic observation schedule, ADI-R: autism diagnosis interview-revised, COM: communication, SOC: social interaction, STB: restricted, repetitive, stereotyped behaviors

###### 

Demographic data for the HFA and control groups

          HFA (N=9)    Control (N=13)   p value
  ------- ------------ ---------------- ---------
  Age     11.6±1.7     11.5±2.1         0.909
  FS-IQ   105.3±14.8   114.2±11.7       0.154
  V-IQ    106.4±15.0   118.3±12.5       0.68
  P-IQ    103.4±15.5   105.6±9.5        0.714

HFA: high-function autism, FS-IQ: functional intelligence quotient, V-IQ: verbal intelligence quotient, P-IQ: performance intelligence quotient, control: typically developing children

###### 

Regions with significant reduced FA in HFA vs. Controls

  Regions                                  MNI coordinates   HFA (N=9)   FA (median)                   
  ---------------------------------------- ----------------- ----------- ------------- ------- ------- ---------------------------------------------------------
  Inferior fronto-occipital fasciculus L   -38               -56         3             0.232   0.306   0.000^[\*\*](#tfn1-pi-2017-08-15){ref-type="table-fn"}^
  Superior longitudinal fasciculus L       -48               -2          41            0.303   0.372   0.000^[\*\*](#tfn1-pi-2017-08-15){ref-type="table-fn"}^
  Inferior longitudinal fasciculus L       -40               -56         3             0.501   0.589   0.000^[\*\*](#tfn1-pi-2017-08-15){ref-type="table-fn"}^
  Amygdala R                               19                0           -25           0.202   0.254   0.000^[\*\*](#tfn1-pi-2017-08-15){ref-type="table-fn"}^

p\<0.05.

HFA: high-function autism, MNI: montreal neurologic institute, FA: fractional anisotropy

###### 

Regions in which fractional anisotropy (FA) is negatively correlated with ADI-R scores in HFA

  Behavioral score   Correlation                                              MNI coordinates         
  ------------------ ------------- --- -------------------------------------- ----------------- ----- -----
  ADI-R (SOC)        Negative      L   Corticospinal tract                    -10               -21   -23
                     Negative      L   Uncinate fasciculus                    -32               6     -8
                     Negative      L   Inferior fronto-occipital fasciculus   -40               -20   -8
                     Negative      L   Inferior longitudinal fasciculus       -28               -77   9
                     Negative      L   Superior longitudinal fasciculus       -37               -25   28

HFA: high-function autism, ADI-R: autism diagnosis interview-revised, SOC: social interaction
